INTRODUCTION 5 1
High latitude animals must adapt to extreme seasonal variation in photoperiod, precipitation, 1 0 1 Montin, 1781) subspecies is a year-round resident in the High Arctic Svalbard archipelago (77 -1 0 2 81°N) and, as such, it is the world's northernmost resident landbird. Not surprisingly, the Svalbard 1 0 3 ptarmigan experiences an extreme environment throughout its annual cycle, where the sun does not 1 0 4 rise above the horizon for more than three months in winter but is continuously above the horizon 1 0 5 from early April until mid-August, and where average T a is below freezing for nine months of the 1 0 6
year. Metabolic fuel is acquired from low-growing tundra vegetation (Mortensen et al. 1983) , which is 1 0 7 frequently deeply embedded in ice or snow in winter. Therefore, these birds display seasonal cycles in 1 0 8 body composition, building fat stores in summer/autumn times of plenty that may be drawn upon 1 0 9 during periods of reduced food availability (Mortensen et al. 1983; Mortensen and Blix 1985) .
However, like many larger birds, the Svalbard ptarmigan (and other related species) maintain 1 1 1 normothermic T c even in severe cold (Irving and Krog 1954; Mortensen and Blix 1986) . The 1 1 2 combination of a harsh year-round environment and presumable lack of torpor/rest-phase hypothermia 1 1 3 renders the Svalbard ptarmigan a suitable model for studies of local heterothermy. Accordingly, we responses to experimental cold exposure in this bird. In particular, we were interested to see if 1 1 7
Svalbard ptarmigan routinely employ extensive local heterothermy of a sufficient magnitude to 1 1 8 significantly lower heat loss rate in the cold (here defined as marked peripheral cooling with 1 1 9 superficial tissue/appendage temperatures approaching 0 °C). Subjects were either in their first winter 1 2 0 (when they must divide resources between growth and winter acclimatization), or in their second 1 2 1 winter, or older (when they are physically mature). The experiment was performed at three time-points We measured body temperature-(T c , T t ) and metabolic responses to cold exposure (0 to -30°C) during 1 7 7 three discrete periods ( Fig. 1 In early winter, O 2 consumption and CO 2 production were measured using a FoxBox (Sable Systems,   2  3  8 Las Vegas, NV, USA), and flow rate was recorded with a SRT-2 mechanical flow meter (Flow Tech, Phoenix, AR, USA). During late winter and summer, O 2 consumption was measured using a S3-A 2 4 0 oxygen analyser (Applied Electrochemistry, Pittsburgh, PA, USA), and CO 2 production was recorded 2 4 1 using a ML206 gas analyser (AD Instruments, Sydney, Australia). Flow rate was registered with a 2 4 2 FMA-A2317 mass flow meter (Omega Engineering). Humidity and temperature of the sample gas was We calibrated the O 2 analysers against ambient air (20.95% O 2 ) and 100% N 2 (i.e., 0% O 2 ), and also 2 4 7 using the N 2 -dilution technique (Fedak et al. 1981) , the latter forming the basis for correcting for 2 4 8 between-instrument variation in the accuracy of O2 measurement, as outlined in Supplementary 2 4 9
Material 1. The CO 2 analysers were calibrated against 100% N 2 and 1% CO 2. We calibrated all 2 5 0 analysers daily, and used day-specific calibration values to convert the input signal to gas Meter, Nebraska City, NE, USA), whereas the FMA-A2317 mass flow meter was factory calibrated 2 5 3 immediately prior to use. All data were recorded and digitized from raw signals using a ML796 PowerLab/16SP A-D converter (AD Instruments, Sydney, Australia). We STP-corrected flow rates from the SRT-2 flow meter according to Lighton (2008) :
where flow a is the uncorrected flow rate (ml·min -1 ), T gas is gas temperature in °K and BP is barometric
pressure in mmHg (Tromsø data provided by the Norwegian Meteorological Institute). We then following Eqn. 2 (Vaisala 2013):
where RH is relative humidity of the sample gas, and T gas is gas temperature in °C. We then calculated 2 6 5 O 2 consumption and CO 2 production following Eqns. 3 and 4, respectively (Lighton 2008). assuming an oxyjoule equivalence of 20 J ·(ml O 2 ) -1 (Kleiber 1961). We only used data from periods when the birds were at full rest and had completed their thermal 2 7 4 equilibration periods. If a bird did not meet the 'rest' requirements, we used resting data collected at 2 7 5 the relevant T a , but outside the dedicated 20-min measurement period. Such data were used in 12 (out 2 7 6 of 95) cases. We also dismissed data from thermocouples that fell out (tc1)/off (tc 2-5) or broke (tc 1- sample sizes for each parameter, season, T a , and age category, are reported in Table S1 . Whole-animal thermal conductance (Aschoff 1981) was calculated in W kg -1 °C -1 as:
where C is thermal conductance, m b is body mass and T a is ambient temperature inside the metabolic 2 8 3 chamber. [2CY+]), and measurement order (i.e., increasing or decreasing T a ; see above), as main effects. The 2 9 0 original model for total RMR also included body mass as a covariate. We did not account for body 2 9 1 mass in any other models, because it co-varied with bird age in two out of three seasons ( Fig. 1 ) but 2 9 2 varied relatively little within age classes. 'Age' and body mass, therefore, conveyed largely the same 2 9 3 statistical information, so adding the latter to our models was not warranted. We included the three-2 9 4 way interaction 'T a ൈ season ൈ age' (and all of its lower level interactions), to account for any 2 9 5 potential age-related differences in the seasonal effects of cold exposure on thermoregulation. In 2 9 6 addition, original models included the two-way interaction 'T a ൈ measurement order', to account for 2 9 7 possible variation introduced by the order of temperature exposures. To account for repeated 2 9 8 sampling, we fitted four alternative random structures to the original models: 1) a random intercept for 2 9 9 'bird id'; 2) a random intercept ('bird id') and slope (T a ); 3) a random intercept for 'bird id' and a 3 0 0 random intercept for 'family' (to account for any genetic effects pertaining to the relatedness of some 3 0 1 of the birds); or 4) a random intercept/slope ('bird id' and T a , respectively) and a random intercept for 3 0 2 'family'. We then selected the most appropriate random structure based on the Akaike Information between T a 's, as applicable (lsmeans package; Lenth 2016). We adjusted P-values for multiple 1 3 seasonal increase in thermal conductance (C) was fully compensated by increased thermogenesis, such 4 1 5 that mass-specific RMR at -30°C rose (relative to RMR at 0°C) in roughly 10% increments between 4 1 6 study periods, from +60% in early winter, via +70% in late winter, to +80% in summer (Table 2) . Newton, I. and Dale, L.C. (1996) . Bird migration at different latitudes in eastern North America. Auk 5 9 8 113, 626-635. 
